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ABSTRACT 



InterIcukin-10 (IL-lfl) is produced in large amounts during acute pancreatitis and is believed to play a role 
m disease progression. Because secretion of IL-l/J is dependent on intracellular processing of pro-IL-lfl by 
J^l converting enzyme (ICE), we aimed to determine the efficacy of a novel ICE inactivator (VE-13045) in 
inhibiting secretion of active IL-1B in vivo and if the loss of ICE activity would affect the severity and mor- 
tality of experimental pancreatitis. Severe hemorrhagic pancreatitis was induced in adult rats by infusion of 
bile acid into the pancreatic duct. Animals were randomized to receive VE-13045 or vehicle before induction 
of pancreatitis. To confirm our findings and to ensure that the results were not model dependent, a second 
series of experiments was conducted using mice possessing a homozygous knockout of the ICE gene in which 
s lethal pancreatitis was induced by feeding a choline-deficient, ethionine-supplemented diet The severity of 
J»ncreatitis was assessed for both experiments by standard surrogate markers, blind histologic grading, and 
serum IL-1/3 and tumor necrosis factor-or (TNF-a) levels. Pancreatic IL-1/3 rnRNA Induction was assessed by 
differential RT-PCR. Acute pancreatitis was associated with a 120-fold increase in IL-1/3 rnRNA which was 
not affected by ICE inhibition or gene deletion. Cytokine processing and secretion were affected, as evidenced 
by decreased serum levels of IL-1/3 and TNF-a (p < 0.001) in all animals with an inactive ICE enzyme. This 
lack of cytokine production increased survival from 32% to 78% following bile salt pancreatitis (p < 0 01) 
and from 24% to 80% following diet-induced pancreatitis (p < 0.005). Both ICE-defective groups demon- 
strated decreased pancreatic necrosis, edema, inflammation, wet weight (all p < 0.05), and amylase and lipase 
<p < 0.01). In vivo blockade or genetic deletion of ICE inhibits pancreatitis-induced secretion of proinflam- 
matory cytokines without altering IL-1 rnRNA production and is associated with decreased pancreatitis sever- 
ity and dramatic survival benefits. 



INTRODUCTION 

The cytokine interleukin- 1 (IL-1/3) plays a pivotal role 
in acute inflammatory conditions and recently has been im- 
plicated in the pathogenesis of acute pancreatitis, a noninfec- 
tious inflammatory condition of the pancreas/'- 3 ) Concomitant 
with the elevation of pancreatic enzymes, IL-Ij8 can be found 
in the serum of humans or experimental animals, with serum 
cytokine levels peaking concomitant with the severity of pan- 
optic inflammation/ 4 - 7 ) Several studies have demonstrated the 
production of large amounts of 1L- 1/3 rnRNA in the pancreatic 
parenchyma within hours of the induction of pancreatitis.**- 9 ' 
Soon afterward, IL-1/3 gene expression is upregulated in spe- 
jflc distant tissues, such as the liver and lung* 8 - 10 '— organs that 



characteristically account for the vast majority of pancreatitis- 
associated morbidity and mortality/ 1,2 ' 

Evidence for the importance of this cytokine in the patho- 
genesis of pancreatitis has been observed in studies that antag- 
onized circulating IL-la and IL-10 by administration of a re- 
combinant IL-1 receptor antagonist (IL-IRa). Prophylactic or 
therapeutic IL- 1 blockade was shown to decrease pancreatic de- 
struction and improve survival/"" 13 ' Furthermore, when acute 
pancreatitis is induced in animals possessing a homozygous 
deletion of the IL-1 type 1 receptor (p80), maximal inflamma- 
tion and pancreatic destruction could not be instilled/ 14 ' 

IL-1/3 is known to be produced as an inactive 31 kDa pre- 
cursor that undergoes posttranscriptional modification before 
being secreted/ 315 - 17 ' This processing is dependent on the cys- 
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fZZSTZ \^!! l,SDg eD2yme which cleaves IL- 
10into its active 17 kDa form. Several irreversible peptidvli^ 
activators oflCE have been reported re^y/'B..^,^ 
|S one such novel compound that irreversibly and systemicaUy 
uUubrts (inactivates) ICE fa vivo when adnunistered in the peri- 
toneal cavtty. This compound has been shown to decrease 
hpc^lysaccharide (^induced IL-1* and 11.15 seSZ 
and to block the progression of chronic collagen-irSu^l 
yarthrrtrsmrmceO^This compound is not adte in theTrnod- 
els when administered orally. 

Tne current study was designed to further delineate the im- 
portance of IL-1 in the development of pancreatitis atd l t> Z 
vesugate the mechanism by which it is produced in the course 

hibttor VE-13045 in decreasing pancreatitis-associated cytokine 
refease and its effects on the severity and mortality ofse^e 
lethal pancreatitis were assessed. 



MATERIALS AND METHODS 

Animal models ' " "" " 

Animal studies were performed at an AAALAC-accredited 

MJ CCOrfanC t With ^Department of Laboratory 
Ammal Methane at the University of South Florida. Severe 
te^pancreauus was mduced by one of two well-described 

rae j tt !° d ' acute hemorrhagic necrotizing pancre- 
atitis was induced by the retrograde infusion of bile acM into 
£ pancreatic duct of rats."3> Briefly, adult male SpragT 
^Z™ in = 24 > W*-*** ^re fasted for 24 h and £ 
anesthetized with sodium pentobarbital (50 mg/kg) The duo- 
denum was exposed through an upper niidlme^ton^g 
asepUc technique. The pancreatic duct was cannulated under 
10X magnification with PE-10 tubing transduodenally and tied 
into place around the proximal biliopancreatic duct A non- 
crushing clamp was placed across the hepatoduodenal ligament 
?J~r, Hf mjeC f te fTOni ascendin E into the biliary tree and 
Jhl h 8Cid (1 mg/k S of 4% soluti °" m phos- 

SXIS"!? ' PBS) ^ St ^ MO > was injected 
into the bile duct over 10 min at a pressure never exceeding 10 

duc£ 2 £T n ? 3 ^ PUmP Wlth inline «rans- 
^ , ? e ,njeCti0n ' me "meter and clamp were re- 
move* and the abdomen was closed in layers. Sham animals 
(n - 8) underwent identical surgical procedures and ductcan- 
nulation without bile acid injection. 

■ # Inhibition of the ICE enzyme during bile acid pancreatitis 
was established by the i.p. administration of VE-13045 (IS 
mg/kg) ^itex Pharmaceuticals. Cambridge, MA), a recently 
described irreversible inhibitor of ICE."* ") The antagonist or 
vehicle was administered to random animals 2 h before and 8 
h after pancreatitis induction. The compound was formulated 
tor i.p. administration in olive oil.ethanohDMSO (90 5-5 v/v/vV 
as described in Ku et al .<«») The rest of the animal's receiv ed 
i* mjecttons of vehicle (sterile olive oil) on the same sched- 

The second series of experiments used a model of acute he- 
morrhage, necrotizing pancreatitis, which was induced in young 
female mice (15.4 ± 0.7 g) by feeding of a choline-deficient 
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wtr^T£7 ted ««" T <*>* Madison, 

Z Z ?J 2 AmmalS Werc fasted overnight before^ 
Zt*? WC ? aiio wed water ^/^. f^edingX 

6 Censure sanitary condi*T£5 
chow replaced the experimental diet after 72 h. ~ - 

Rather than pharmacologic inhibition of ICE, as in the first 
senes of experiments, transgenic C57BL/6 mice possessing a 
homozygous de ehoa of the ICE gene (n = 60) were used in 
the CDE model of pancreatitis. Wild-type CS7BL/6 ammab 
served as controls (n = 60). Transgenic^ with a dS^ 

fo JZZ'Z ***** * ° breedin S ^ a generous gS 
Z^ 3 ™ S "* me Howard Hughes MedS 

tasutute and were bred in the transgenic facttity aTme 
Umvers,ty of South Florida under sUictLlation^„T Wm V 
phance w,th all AAALAC guidehnes for me breeding of Z- 
" C ™f Knockout animals used in these ex^erimeT* 

tl^lt 0 ^ . homoz ^ <~M for the-taockom- 
evem by reverse transcription polymerase chain reaction (RT- 
PCR) of genomic DNA using primers"» and methods Drevi 

weUdeS^^ 

well described and have been shown to lack IL-1 production in 
urvuro experiments.^ The ICE gene disruption doesS 

totST* ^ **** animals afd 

does not produce overt effects on the immune system.<»> 

Pancreatitis severity 

hiilJt T^ ° f P ancreati,is ^ verified in all animals by 
bund histologic grading 0 f fixed pancreatic sections^*!* 
vacuohzauon, edema, and inflammation) as de^cribedT^ 

^^r^ 0 ^ ^ «*> assessStycT 
panso^ of serum amylase, lipase, blood urea nitrogen (BUrT) 

S n ^T c CalCiUra - Which Were ^"ed on a?auto: 
mated Kodak Ectachem 700 analyzer (Kodak. Rochester 

TfJ!! d meaSUrementS of ascites volume and pancreWc 
weight^ody weight ratios calculated. The CDE model He 
mouse does not aUow for these measurements/".") 

Tirji/e preparation 

Following pentobarbital anesthesia (50 mgykg Lp.), a mini- 

ZZ ILT V, " g f maIS ^ ^ experimental group were 
killed dunng maximal pancreatitis (rats at 24 h, mice at 72 h) 

es^hshed for both models of pancreatitis to coincide wuh 
ma«mal pancreauc inilammation and cytokine produc 

uTi, ^^ a " 1,aC mjeCti ° n ° f Steri,e P ? S w as used to purge 
ncZT 5? ^ " Bd men mC was immedfateW 

tion^RNf" f °- "f ht miCroSC ° Py ^ ^ A determij 
nou. Tota RNA was tsolated by guanidium thiocyanate/acid 
phenol extracuon as previously described.^) The mtettritv of 

3SaT-*T n CrifiCd ^ eqUim ° lar ,8S and 28 sSso- 
mal RNA bands following denaturing electrophoresis. 

Measurement of tissue cytokine mRNA by quantitative 
differential RT-PCR H^manve 

Total cellular RNA was primed using oligo (dt) 12 15 (Gibco 

Su"*Sri D ; E n MD) md *" ^ ^ribeo'^g 
Superscript H reverse transcriptase (Gibco). The prepared 
was su °Je«ed to differential PGR with rat-specS 
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PANCREATITIS SEVERITY IS DEPENDENT ON ICE 

fiurine-specific primers for IL-l/3 and 0-actin obtained from 
IStratagcne (La Jolla, CA). The sequence for IL-1/3 was (rat 
sense = 5'-CAGGATGAGGACATGAGCAC-C3\ and anti- 
sense = 5'-CTXJTGCAGACTCAAACTCCA.C3'; murine 
•V, sense = 5 '-C AGGATG AG ATGAGCACC-3 ' and antisense 5'- 
CTCTGCAG ACTC AAACTCCAC-3 ')♦ The sequence for 0- 
actin was (rat sense = 5 '-GTGGGCCGCTCTAGGCACCA-3 ' , 
and antisense 5 '^GGTTGGCCTTAGGGTTCAGGGGGG-3 ' ; 
and murine sense 5'-GTGGGCCGCTCTAGGCACCA-3 ' and 
antisense 5'-CGGTTGG(XnTAGGGTTCAGGGGGG-3'). 
The IL-10 cDNA products were coamplified with /3-actin for 
30 cycles using a UNO-Thermoblock (Biometra, Tampa, FL). 
The reaction products were subsequently visualized by elec- 
trophoresis in 2.5% Metaphor agarose (FMC Byproducts, 
Rockland, ME) containing ethidium bromide. Ultraviolet illu- 
mination was used to visualize the DNA bands, and the gels 

J**? photographed digitally and stored on computer disc. Band 

intensity was determined by optical density with individual cy- 
tokine/0-actin cDNA ratios compared using Sigma Scan soft- 
ware (Jandel Scientific, San Rafael, CA). All primers are known 
to span at least one intron. The internal standard (0-actin) has 
been shown previously by our laboratory to be linear and un- 
affected by the progression of pancreatitis throughout the time 
course of the experimental models used.* 8 - 9 - 20 ? Additionally, /3- 
actin maintains a linear relationship with IL-1/3 from 20 through 
40 amplification cycles/ 9 * 20 ) Restriction digestion of the re- 
sulting cDNA products via Pstl yielded the anticipated 340 and 
_ 103 bp fragments (rat IL = 1/3 and /3-actin, respectively) and 
J! and 245 bp; fragments (murine IL-1/3 and 0-actin, respec- 
tively) (data not shown). 




Sham Vehicle VE ' 1 o f« 

ICE-KO 

FIG. 1. Intrapancreatic IL-1/3 gene induction during Severe 
acute pancreatitis. Two models of pancreatitis are shown. Rats 
underwent bile salt infusion of the pancreatic duct to produce 
severe hemorrhagic pancreatitis. Mice were fed a choline-defi- 
cient, ethionine-supplemented (CDE) diet to produce severe 
necrotizing pancreatitis. The cDNA ratios of IL- 1 £ and the in- 
ternal standard /3-actin are compared after co-amplification via 
differential RT-PCR for 30 cycles. Sham animals do not de- 
velop pancreatitis and show very low constitutive expression of 
IL-1/3 mRNA within pancreatic tissues. The induction of bile 
, H or CDE diet pancreatitis increases IL-1/3 mRNA approxi- 
mately 120-fold (p < 0.001), which is not affected by inactiva- 
uon of ICE by VE- 13045 in rats with bile salt pancreatitis or 
genetic deletion of the ICE gene in mice with CDE diet-induced 
pancreatitis. 
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Sham Vehicle VE-13045 



FIG. 2. Serum IL-1/3 and TNF-a during bile salt-induced 
acute pancreatitis. Serum was obtained at 24 h after induction 
of pancreatitis when pancreatic inflammation and cytokine pro- 
duction are known to be at their peak. Severe pancreatitis is as- 
sociated with significant elevations in serum IL-10 and TNF- 
a (p < 0.001 vs. sham, denoted by #). Inhibition of ICE by 
VE-1 3045 eliminates the rise in serum IL-1/3 while significantly 
attenuating the rise in TNF-a (both p < 0.005 vs. vehicle, de- 
noted by. *X. . 



Serum cytokine determination 

Serum cytokines were assessed during maximal pancreatitis 
via murine-speciflc or rat-specific ELISA as per the manufac- 
turer's direction (Genzyme, Boston, MA). All samples were 
measured in triplicate by a single investigator (G.K.), who was 
blinded to treatment group. 

Statistical analysis 

Results are expressed as means ± SEM. Statistical analysis 
was performed using the StatS 3 statistical program 
(Spreadware, Palm Desert, CA) applying the unpaired two- 
tailed Student's r-test, with significance being assigned top val- 
ues < 0.05 unless stated otherwise. 



RESULTS 

Cytokine production 

There was little or no constitutive expression of IL-1/3 
mRNA in the pancreas, although the progression of severe pan- 
creatitis was associated with a near 120-fold increase in the IL- 
!/3//3-actin mRNA ratio (p< 0.001 vs. baseline) (Fig. 1). 
Administration of the ICE inhibitor VE-13045 had no discern- 
able effect on this upregulation in any of the animals examined 
(p = NS compared with sham). Similarly, those animals ex- 
pressing a homozygous deletion of the ICE gene demonstrated 
nearly identical upregulation of IL-10 mRNA in response to 
the CDE-induced pancreatitis, as did the wild-type animals. 
Genetic deletion or pharmacologic inactivation of ICE, there- 
fore, had no effect on IL-1/3 mRNA induction during pancre- 
atitis. 

Both IL-1 and tumor necrosis factor (TNF) protein were ab- 
sent or present in very low concentrations in the serum of nor- 
mal animals. Acute pancreatitis was associated with a marked 
elevation of both these cytokines, which was attenuated signif- 
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ICE Knockout 




a^ity^^^ = 12/group)had 

noted by *). The CDE diet-induced mo^pSaeTtiS S^iS? ^ e * V,n « me ICE ^Wtor VE-13045 (A) (p <W de 



p^oi n ) t Sg e S ,ima,& ^ " ceW * d ^ ICE anta80nist(both 

Mortality 

Retrograde infusion of bile acid into the pancreatic duct pro- 
duced a severe hemorrhagic, necrotizing pancreatitis wid, a 
mortahty rate of 68%. Inhibition of ICE activity via admSs! 
ST? °l S 3 ! 5 «*— *» mortality n«e to 22%^ 
3A)( P <0.01). Similarly, the CDE diet produced a severe 
necrotizingpancreatitis with a 10-day mortality rate of 73% in 
normal wild-type mice. Genetic deletion of the ICE gene was 

Sd^S ° n ' y a 20% mortality 3B) <? < 0 005 vs. 
Pancreatitis severity 

All experimental animals developed pancreatitis. Bile salt- 
induced pancreatitis was associated with the development of 
marked pancreatic edema and free ascitic fluid. Those animals 
rece.vmg the ICE inhibitor showed a significant reduction in 
panose wet weight (p < 0,05) but not ascitic volume (p = 
0 ; 47) (Fig. 4). Serum amylase, lipase, and BUN were also sig- 
nificantly attenuated with ICE inhibition/deletion (all p < 

aS^nT T m ca,dura "* creatinine were not ^ted 
CTable 1). Histologic scoring of pancreatic tissues in animals 
deficient ,n the ICE gene, as well as those receiving VE-13045 
demonstrated reduced edema, necrosis, and inflammatory cell' 
infiltrate (all p < 0.05) but not vacuolization (Table 2) 



Sternal T ex P° rt °f«^bioactive IL-l A Moreover, 

S,2?£? m °" 0CyteS * Pmces& ^ i" sub- 

stantial reductions in IL-la. TNF-a, and IL-6 production 

demonstrating further me importance of IL-1/? to die cytokine 
cascade in general . 

There were two experimental strategies available to ascer- 
tain me rele of ICE in models of pancreatitis, first, we JeTan 
urevers,ble inhibitor of endogenous ICE to prevent its tnzZ 
mauc activity. The compound we chose for this purpose (vi- 

S&" T,^ f r.° f 3 Cffident of 
Sl^TZ ^ M S ' 11 esterifi «» form of this 

compound is a more potent cellular inhibitor of ICE and is bi- 
olopcally active in suppression IL-10 secretion in vivo.™ 
Although the compound is cleared rapidly from the systemic 
cumulation, its abitity to irreversibly inaivate me^T* 



DISCUSSION 

,h. A T,*?^ h SCVeral * erine Pr0teaSCS "« ^ ab,e O' Pressing 
the IL-l/3 precursor to one of several bioactive forms, ICE is 
the only known protease that generates the mature 17 kDa cy- 
tofane w.th its typical Ala" 8 anuno-terminus.<3.»6-'<<> The im 
portance of this processing enzyme in regulation of cytokine 
release has been studied recently in vitro using monocytes iso- 
aSFi?"* P° ssessin S a homozygous deletion of the ICE 
gene.* These investigators demonstrated that ICE was criti- 




Sham Vehicle VE-13045 



FIG. 4 The effect of ICE inactivation on pancreatic weight 

s sr in rats *« nisi; 

bile reflux nto the pancreatic duct The pancreatic weight/bodv 
weight rauo increased significantly fa i wffSoW 
which developed bile sal, pancreatitis (p < Tol vTsElT 
noted by *). Inactivation of ICE by VE- 13045 anlnuS^' 
nse by nearly 50% <> < 0.05 vs. vehicle^ ^ff^nSl 
tiTn <0 m als ° h deve, °P ed ^ve free ascS (vehiciJcon! 

b?VE iSlSi , den0tCd by *>' which was ™ affected 
by VE-13045 administration (p = 0.47 vs. vehicle conuS) 
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PANCREATITIS SEVERITY IS DEPENDENT ON ICE 
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' • Table 1. Severity of Pancreatitis 
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Bile acid pancreatitis 



CDE diet pancreatitis 



Sham 



Vehicle 



VE-I3045 



Baseline 



Wild-type 



Knockout 



*™w£Lm. a96 ± °- 7 * 73 ^°- 58 * 6,0 ± 0.35- 0.54^ 0.03 28.3 ± 2.6* ,5.4 * 

Serum lipase- 0.08 - 0.01 3.76 ± 0.7* 1.46 - 0 2*-** 

(IU, thousands) 

BON(mg/dl) 14.1 - 1 91-7* 74-5— 15.3 ± 1 46 -5 1* 39 -3 2* 

7.7±0.4* 8.7±0.5* 9.4-0.2 <S 1 05 92 - 06 

14 ± .02* 1.3 - 0.01* 0.6 ± 0.01 12 - 08* ~ 



0.38 - 0.04 18.2 - 1.7* n.9 - 0.8* ** 



Calcium (mg/dl) 
Creatinine (mg/dl) 



9.6-0.3 
0.4 - .01 



1.1 - .03* 



■Values are mean - SEM. 

'Significance from sham or baseline values (p < 0.01). 
♦♦Significance from vehicle or wild type (p < 0 05). 



vivo when detivered tp. made it suitable as a probe for the role 
of ICE in a rapid, acute model of pancreatitis. Use of an ex- 
- ogenous ICE inhibitor allowed us to. precisely, time .the. dosing ., 
of die compound with respect to disease stimulus. 

Our second strategy involved using a transgenic mouse with 
a disrupted ICE gene. Although the transgenic mice we used 
show near total suppression in LPS-induced secretion of IL-la 
and IL-1£ and partial suppression of serum TNF-a and IL-6, 
they present an alternative to the use of an ICE inactivator that 
OKHentially inactivates other cysteine protease homologs of ICE. 
jUse.of the knockout mouse, therefore, is the most precise 
method available for studying the effects of deleting the activ- 
ity, of a single enzyrife in vivo. 

The two models of pancreatitis used in the current study are 
known to be associated with systemic cytokine production that 
is independent of endotoxin/ 10 - 21 -^) Th e dramatic rise in EL- 
10 mRNA within the pancreas and lung has been demonstrated 
previously and closely mimics pancreatitis progression/ 8 < l0 > 
The current series of experiments demonstrates the efficacy of 
VE-13045 in antagonizing ICE in vivo and confirms the im- 
portance of ICE in the processing and secretion of EL-1 as well 
as affecting total TNF production in vivo. The animals with 
pharmacologic blockade of ICE had cytokine production at- 
tenuated to an equivalent degree as the knockout animals, sug- 



gesting complete enzyme inactivity. Although the process by 
which n-10 is prevented from entering the serum is fairly well 
characterized, the. mechanism by which TNF secretion is at- 
tenuated is not known, as it is not a direct substrate of ICE. 
This decrease in circulating TNF has been demonstrated also 
in animals pretreated with ILl-Ra before pancreatitis induc- 
tion* - l3 > and is likely due to an overall decrease in the asso- 
ciated systemic inflammatory response and attenuated pancre- 
atitis severity. 

The importance of uninhibited production of IL-1/3 to the 
overall progression of acute pancreatitis is apparent in these ex- 
periments. By preventing the development of the typical cy- 
tokine cascade, nearly every measure of pancreatic damage was 
diminished. Previous experiments in a nonlethal pancreatitis 
model demonstrated that an active IL-1 receptor is required for 
the development of maximal necrosis and pancreatic edema.< l4 > 
These findings were confirmed in the two lethal models used 
in this study, but additional benefits were seen, including de- 
creased pancreatic inflammation and less severe changes in 
serum BUN. It is possible that some of the decrease in pan- 
creatic damage may be attributed to inhibition of ICE-mediated 
apoptosis, but little can be said about what effect this mecha- 
nism has on the other parameters of pancreatitis, as little is 
known about the role of apoptosis in the development of pan- 



Table 2. Histologic Grading of Pancreatitis 8 



Bile acid pancreatitis 



CDE diet pancreatitis 



Sham 



Vehicle 



VE-13045 



Edema 
-Necrosis 
Inflammation 
Vacuolization 



Baseline 



Wild-type 



Knockout 



0 
0 
0 
0 



3.3 - 0.2 b * 
3.2 - 0.1* 
3.1 - 0.1* 
2.8 - 0.2* 



0.9 
0.6 
0.7 
2.6 



0.1*** 
0.1*** 
0.1*** 
0.1* 



0 
0 
0 
0 



3.1 - 0.2* 
3.8 ± 0.1* 
3.6 - 0.1* 
2.4 - 0.2* 



2.6 - 0.2** 
3.0 ± 0.1*'** 

2.7 ± 0.2*-** 
2.5 - 0.1* 



^SSX^SX va.^" 3 bU " ded faShi ° n - ^ liSSUCS WCre 3 — ° f °- «* — -en,y for 

'Values are mean ± SEM for 10 fields from each pancreatic specimen from all animals. 
5igniticance from sham or baseline values (p < 0.01). 
♦•Significance from vehicle or wild type (p < 0.05). 
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